Results Forty (16.60%) of the 241 screened individuals developed PHEO/PGL during the study. The penetrance estimate in this population was 49.80% (95% CI 29-74.9) at 85 years. A significantly higher age-related penetrance of disease was observed in males compared to females, with 50% penetrance achieved at age 74 vs. not reached.
Introduction
Pheochromocytomas (PHEOs) and paragangliomas (PGLs) are neuroendocrine tumors arising from adrenal and extraadrenal chromaffin tissues, respectively. PGLs can arise from both the sympathetic and parasympathetic nervous systems. They are preferentially found arising along the sympathetic chain in the chest, abdomen, and pelvis, or along the parasympathetic chain in the head and neck. PHEOs/PGLs are known to be catecholamine producing tumors. Although rarely, they can present as biochemically silent (Pacak et al. 2007; Timmers et al. 2008) . Thirty to forty percent of patients carry a germline mutation in one
Abstract
Purpose Succinate dehydrogenase subunit B (SDHB) gene mutations are associated with an aggressive clinical disease course of pheochromocytoma/paraganglioma (PHEO/PGL). Limited information is available concerning PHEO/PGL penetrance among SDHB mutation carriers with regards to primary tumor location, specific mutation type, and gender. We assessed PHEO/PGL penetrance in SDHB mutation carriers and described the clinical presentation and disease course. Methods Asymptomatic relatives (N = 611) of 103 index patients were tested for SDHB mutations. Mutation carriers (N = 328) were offered PHEO/PGL screening, of which 241 participated and were included in penetrance analysis. For additional disease outcome analysis, the 103 index patients and 40 screened individuals who developed PHEO/PGL were included. Clinical data were collected between October 2004 and June 2016. of the PHEO/PGL susceptibility genes (Erlic et al. 2009; Gimenez-Roqueplo et al. 2012; Neumann et al. 2002) , including von Hippel-Lindau (VHL) tumor suppressor gene; RET proto-oncogene in multiple endocrine neoplasia type 2 (MEN2); neurofibromatosis type 1 (NF1); TMEM127; Myc-associated factor X (MAX), the A, B, C, and D subunits of the mitochondrial succinate dehydrogenase complex (SDHA, SDHB, SDHC, SDHD) , succinate dehydrogenase assembly factor 2 (SDHAF2), and in rare cases, HIF prolyl hydroxylase 1 and 2 (PHD1/EGLN2, PHD2/EGLN1), fumarate hydratase (FH), hypoxia-inducible factor 2α (HIF2A/EPAS1), and malate dehydrogenase 2 (MDH2) genes. Additionally, 10-39% of tumors were found to harbor somatic mutations in genes such as NF1, VHL, RET, MAX, HIF2A/EPAS1, KIF1Bβ, and ATRX (Jochmanova et al. 2015; Fishbein et al. 2017) .
SDHB mutations are currently associated with the most aggressive clinical presentation, course, and lethality. Several published studies have described the clinical presentation, aggressiveness, unique biochemical and imaging phenotypes, and therapeutic challenges, including failures, of SDHB-related PHEOs/PGLs (Amar et al. 2007 ; Ayala- Ramirez et al. 2012; Benn et al. 2006 Benn et al. , 2015 Brouwers et al. 2006; Eisenhofer et al. 2012; Ellis et al. 2014; Fonte et al. 2012; Gimenez-Roqueplo et al. 2003; Hadoux et al. 2014; King et al. 2011; Srirangalingam et al. 2008; Timmers et al. 2007a Timmers et al. , 2009 ). These studies should be carefully considered in the context of the penetrance of these tumors. Increased knowledge of SDHB mutation penetrance supports focused early intervention, follow-up, and improved medical outcomes for patients and their relatives.
In 2006, Benn et al. published a landmark study looking at the clinical presentation and penetrance of PHEO/ PGL in an international population of SDHB and SDHD genes mutation carriers. Benn et al. (2006) reported an age-related penetrance of 45% for 82 SDHB mutation carriers by age 40 years. Since their report, several investigators have demonstrated a similar penetrance. Ricketts et al. (2010) reported a 52% penetrance of the disease by age 60 in a group of 295 SDHB mutation carriers. Srirangalingam et al. (2008) observed an overall penetrance of 50% in a group of 32 SDHB mutation carriers. However, after excluding index patients, the overall penetrance decreased to 24%. In 2004, Neumann et al. demonstrated a much higher penetrance of 77% by 50 years of age . Overall, studies aimed at evaluating the penetrance of disease in families with specific SDHB mutations have found lower penetrance estimates. Solis et al. (2009) identified a family with 41 mutation carriers with a large exon 1 deletion and only 11 members diagnosed with PGL. The estimated disease penetrance in this study was 35% by age 40. Hes et al. (2010) reported an estimated penetrance of 26% at 48 years of age in a family with a c.423+1G>A SDHB mutation. In both these family-based studies, index patients were included in the penetrance calculations. The studies from Neumann, Benn, and Ricketts, which used standard Kaplan-Meier methods to estimate penetrance, likewise fell into a similar problem. Schiavi et al. (2010) correctly indicated that these studies could have overestimated the average penetrance because no compensations were made for the ascertainment of mutation carriers. In their own penetrance study, Schiavi et al. (2010) adjusted their calculations for ascertainment bias and reported an average penetrance of the disease at 50 years of age to be 13% and the average lifetime penetrance (to 80 years of age) to be 30%, which was similar to that reported by Srirangalingam et al. (2008) after excluding index patients. Jafri et al. (2013) also showed a significantly lower penetrance of PHEO/PGL in SDHB mutation carriers after excluding index patients from their analysis. A recent study from Rijken et al. (2016) included SDHB exon 3 deletion carriers from a single family and showed a penetrance of 9% at 50 years of age and 21% at age 70 after correcting for ascertainment bias by excluding index patients from the penetrance calculations.
Despite their discordance, previous studies have accelerated the determination of: (a) the best diagnostic tactics and therapeutic decisions for SDHB-related PHEO/PGL; (b) time-dependent screening of asymptomatic carriers for earlier detection and treatment; and (c) discovery of previously unrecognized SDHB mutations, which could be specifically linked to the development of these tumors with unique clinical presentations. Despite this progress, a complete understanding of SDHB-related PHEO/PGL is lacking-especially in terms of its mutation-specific penetrance, differences between males and females, and potential associations among specific mutations, clinical presentation, and outcome. Thus, further knowledge of the penetrance of these tumors may lead to earlier detection of tumors in carriers, development of better treatment options, a greater understanding of SDHB-related PHEO/PGL as a whole, and more directed genetic counseling that would enhance its impact in this very aggressive, and often lethal, disease.
Here, we present data analysis of 344 SDHB mutation carriers on the penetrance of SDHB-related PHEO/PGL linked to sex, age, and specific mutation types, as well as an analysis of the clinical presentation of those with disease.
Patients and methods

Patients
Between October 2004 and June 2016, family members of index patients who presented to the National Institutes of Health (NIH) for known SDHB-related PHEO/PGL were offered SDHB genetic testing and screening. Penetrance calculations only included family members of index patients. Disease clinical presentation and mutation analyses comprised index patients and family members who developed PHEO/PGL.
Genetic testing was either performed by the NIH in collaboration with the Mayo Clinic in Rochester, MN, or through outside facilities who forwarded the genetic results to the NIH. Screening involved biochemical analysis with plasma and/or urine metanephrines and catecholamines, as well as full body imaging with computer tomography (CT) or magnetic resonance imaging (MRI), including the neck. Index and screened patients diagnosed with PHEO/PGL were either followed at the NIH semiannually or annually. SDHB mutation carriers negative for PHEO/PGL at the time of screening were advised to follow-up with their physicians and to seek medical attention if any symptoms of PHEO/PGL should appear.
This study was approved by the Institutional Review Board of the Eunice Kennedy Shriver National Institute of Child Health and Human Development at the NIH, and all patients gave written informed consent prior to any performed testing.
Clinical data
Demographic and clinical information was obtained from medical records. Demographic data included year of birth and gender. For screened individuals, clinical data included plasma and/or urine metanephrines and catecholamine levels, imaging studies results, age at initial screening, SDHB genetic status reports, and occurrence of tumors other than PHEO/PGL. In those diagnosed with PHEO/PGL, additional data involved age at diagnosis, primary tumor location, age at diagnosis of recurrent and/or metastatic disease, and age at death for deceased patients. Diagnosis of PHEO/ PGL was made either histologically (when possible), or by a combination of positive biochemistry and imaging studies.
Statistical methods
Penetrance is defined as the percentage of individuals with a given genotype who exhibit the phenotype associated with that genotype (Griffiths et al. 2000; Khoury et al. 1993) . In disease penetrance studies related to gene mutations, the studied population should involve all known gene mutation carriers to prevent false high penetrance of the disease. To prevent overestimation, adjustments for ascertainment bias were made by excluding all index patients from penetrance calculations.
Categorical variables were summarized as frequency counts and percentages. Continuous variables were summarized as the median and range. Penetrance estimates and associated 95% confidence intervals (CIs) at various ages were computed using standard survival methods, including Kaplan-Meier curves and Greenwood's formula for the associated standard error and CI. Estimates of median values were based on interpolating values from the Kaplan-Meier estimates. Tests to compare penetrance in groups (e.g., males vs. females; or by three tumor location sites) used the log-rank test, which compares the groups across all time points. To account for a second factor in group comparisons, the stratified version of the logrank test was used. Analyses of the time until metastases developed, or time until death, following the initial diagnosis of PHEO/PGL also used the same survival methods. Average values of numeric quantities are reported as mean ± 1 standard deviation. Comparisons of percentages in cross-tabulated tables to assess independence or association of factors used Fisher's exact method for both simple 2 × 2 contingency tables and those with more rows and/or columns. This test assumes that neither the rows nor columns have an inherent ordering, as was the case in our applications (e.g., rows being males or females, columns being the top six mutation types). All reported P values are two-sided.
Results
Initially, we evaluated 105 [46 (43.81%) females and 59 (56.19%) males] index patients found to harbor a mutation in the SDHB gene (64 tested at NIH, 41 tested at an outside facility prior to NIH evaluation). From October 1, 2004 to June 31, 2016 females and 285 (46.64%) males] family members from 86 index patients were tested for the SDHB mutation (Fig. 1) . Results were not available from the remaining 19 index patients because their family members declined/were not yet tested. Two of the 86 index patients were excluded from all analyses due to a lack of available clinical data. The remaining 84 studied index patients, along with the 19 index patients without tested family members (103 index patients in total), were excluded from the PHEO/PGL penetrance calculations, but not from disease clinical presentation or mutation analyses.
Of the 611 family members, 231 had their genetic testing performed through the NIH in collaboration with the Mayo Clinic, 183 through NIH collaboration with other research institutions, and 197 at outside facilities. Results revealed that 328 individuals (from 77 families) were positive for an SDHB mutation and were offered screening for PHEO/ PGL at the NIH. From the above population, 87 subjects declined screening.
The remaining 241 [130 (53.94%) females and 111 (46.06%) males] positive individuals were included in the study. Upon initial evaluation, 14 SDHB-positive family members were found to have a prior history of PHEO/ PGL. Up until June 31, 2016, PHEO/PGL was diagnosed in another 26 SDHB mutation carriers. Characteristics of the 241 screened SDHB mutation carriers are summarized in Table 1 . The analyses focused on clinical presentation of the disease included 143 PHEO/PGL patients: 40 diseased patients from the 241 screened family members, and 103 index patients with available clinical data. In 140 patients, the diagnosis was confirmed histologically. In three patients, a histologic diagnosis was not made, but the combination of positive biochemistry and imaging studies led to a diagnosis of PHEO/PGL. Three hundred and fortyfour (103 index patients with available clinical data and 241 SDHB-positive family members) SDHB mutation carriers were included in the mutation analysis.
Penetrance
A PHEO/PGL diagnosis was made in 40 (16.60%) of the 241 screened SDHB mutation carriers (Table 1) . For clinical screening, ages ranged from 2 to 85 years, with a median age of 38 years; 191 SDHB mutation carriers were screened at age 20 or later, 152 at age 30 or later, 118 at age 40 or later, 76 at age 50 or later, 32 at age 60 or later, and 8 at age 70 or later. At initial screening, 14 (5.81%) SDHB mutation carriers were found to have a history of PHEO/ PGL and 23 (9.54%) out of 241 SDHB mutation carriers were diagnosed with PHEO/PGL (Table 1) . Three (1.25%) more SDHB mutation carriers developed PHEO/PGL within 5 years after initial screening. The estimated overall penetrance of PHEO/PGL in this population of patients was 49.8% by age 85 years. The age-related penetrance for all 241 subjects with clinical data was 3.3% by age 20 (95% CI 1.6-6.9), 12.4% by age 40 (95% CI 8.3-18.3), 26.4% by age 60 (95% CI 19.0-35.8), and 48.8% by age 80 (95% CI 29.0-74.9) (Fig. 2a) . The estimated 50% penetrance for this group of SDHB mutation carriers was not reached by 80 years of age (95% CI 64-∞ years).
In the studied group of SDHB mutation carriers, 24.32% (27/111) of males and 10% (13/130) of females developed PHEO/PGL. The age range of detection of PHEO/PGL was 11-74 years (median 36.5 years), with seven patients diagnosed between the ages of 11 and 20, nine patients between the ages of 21 and 30, six patients between the ages of 31 and 40, eight patients between the ages of 41 and 50, five patients between the ages of 51 and 60, and five patients diagnosed after the age of 61. The age-related penetrance values for the 111 screened males were 5.2% at age 20 (95% CI 2.2-12.0), 19.0% at age 40 (95% CI 12.0-29.3), 34.3% at age 60 (95% CI 23.7-47.8), and 71.8% at age 75 (95% CI 34.0-97.9). For the 130 screened females, the age-related penetrance values were 1.8% at age 20 (95% CI 0.5-7.1), 6.2% at age 40 (95% CI 2.8-13.4), 18.5% at age 60 (95% CI 9.8-33.2), and 30.8% at age 75 (95% CI 16.3-53.5) (Fig. 2B) . The estimated 50% penetrance was 74 years (95% CI 61-∞ years) in males and was not achieved by 80 years of age in females (95% CI 64-∞ years) (P = 0.0088).
For comparison, when subjects from the screened population are combined with the 103 index patients, i.e., no compensations were made for the ascertainment of mutation carriers, the portion of patients who developed PHEO/PGL during the duration of our study is much higher-41.57% (143 diseased/344 screened + index patients). Accordingly, the age-related penetrance of the disease would change: 4.6% at age 10 (95% CI 2.8-7.5), 13.6% at age 20 (95% CI 10.3-17.9), 36.5% at age 40 (95% CI 31.0-42.5), 57.6% at age 60 (95% CI 50.4-65.0), and 75% at age 75 (95% CI 29.0-74.9) (Fig. 2c) . The estimated overall penetrance changes to 75% by age 75 and the age at 50% penetrance changed to 53 years (95% CI 47-58 years). The age at 50% penetrance for males was 45 years (95% CI 37-55 years) and for females 62 years (95% CI 50-70 years) (P = 0.002). The age-related penetrance of PHEO/PGL in males and females would change accordingly (Fig. 2d) . Additionally, the age range for clinical diagnosis of PHEO/PGL in this group was 6-74 years, with 15 patients diagnosed between the ages of 6 and 10, 28 patients between the ages of 11 and 20, 32 patients between the ages of 21 and 30, 27 patients between the ages of 31 and 40, 23 patients between the ages of 41 and 50, 14 patients between the ages of 51 and 60, and 7 patients diagnosed at or after the age of 61.
Mutation analysis
Mutation analysis was performed on a cohort of 344 SDHB mutation carriers (103 index patients + 241 screened family members). Forty-eight different mutations ( (Fig. 3a) . The two sexes were fairly equally represented among the six mutation groups studied, with no statistical evidence that mutation types are related to the sex of the patient (P = 0.83, Fisher exact test for 2 × 6 contingency table). However, as noted earlier, we observed males having an earlier onset of the disease (compare curves in Fig. 3a to those in Fig. 3b) ; and the agerelated penetrance differences among the 6 mutation groups in males (P = 0.039, Fig. 3b ) appeared possibly greater than those in females (P = 0.114, Fig. 3b ). There appears to be no association between mutation type and location of primary tumor (P = 0.82).
Clinical presentation of PHEO/PGL
Clinical presentation of PHEO/PGL was evaluated in 103 index patients and 40 SDHB mutation carriers diagnosed with PHEO/PGL during screening. Their characteristics are summarized in Table 3 .
Tumor characteristics
Of the 143 patients diagnosed with PHEO/PGL, 25 (17.48%) primary tumors were located in the head and neck, 20 (13.99%) in the adrenal gland, and 98 (67.83%) in an extra-adrenal location along the sympathetic chain (Table 3) . At the time of diagnosis, one patient was found to have two primary tumors-one in the retroperitoneum and one in the adrenal gland. This patient was excluded from penetrance analysis based on tumor location. In comparing the penetrance of this patient population based on the location of the primary tumor, we found that patients with extra-adrenal parasympathetic tumors had significantly later age-related penetrance as compared to patients with adrenal or extra-adrenal sympathetic tumors ( Fig. 4a , P = 0.0051 comparing three locations). The 50% penetrance in patients with primary adrenal tumors was 29 years (95% CI 15-46 years), 27 years in patients with primary extraadrenal sympathetic tumors (95% CI 23-30 years), and 42 years in patients with primary extra-adrenal parasympathetic tumors (95% CI 33-47 years).
Metastatic disease
Eighty-five patients (59.44% of the 143 patients with disease) developed metastatic disease (defined as PHEOs/ PGLs in non-chromaffin tissue: bones, lungs, liver, and/or lymph nodes) (Linnoila et al. 1990; DeLellis et al. 2004 ) ( Table 3 ). The median time between initial diagnosis of PHEO/PGL and diagnosis of metastatic disease was 3 years (Fig. 4b) . Based on the data, we estimated that among all 143 patients with the disease, 50% will develop metastatic disease within 8 years of diagnosis. The estimated interval for the time to metastasis development is very similar in males and females, at 7 and 8 years, respectively (P = 0.74) (Fig. 4c) . Similarly, time from diagnosis to metastases did not differ significantly among the six mutation groups studied (P = 0.15). However, the three groups of patients differentiated by primary tumor location did have significant differences in time to development of metastatic disease (P = 0.0015). Patients presenting with a primary extra-adrenal sympathetic tumor showed significantly faster metastatic disease development when compared to patients with primary extra-adrenal parasympathetic tumors (P = 0.0004) (Fig. 4d) . Patients with primary adrenal tumors showed faster metastasis development than patients with primary extra-adrenal parasympathetic tumors (P = 0.043), but there was no statistical difference when compared to patients with primary extra-adrenal sympathetic tumors (P = 0.36). However, when looking at the separate groups of index patients (N = 103) and screened family members diagnosed with PHEO/PGL (N = 40), the risk of metastatic disease differs significantly. Metastatic disease was diagnosed in 7 (17.5%) out of 40 screened family members diagnosed with PHEO/PGL compared to 78 (75.73%) out of 103 index patients (P < 0.0001; Table 3 ). Among the index patients, 50% will develop metastatic disease within 4 years of diagnosis, whereas 50% of family members diagnosed with PHEO/PGL will develop metastases within 21 years of diagnosis (P < 0.0001; Fig. 5 ).
Mortality
At the conclusion of this study, 39 patients (19 male, 20 female) with diagnosed PHEO/PGL had died (Table 1) . From these 39 patients, the median number of years between initial diagnosis and death was nine. For the 105 remaining patients, the median follow-up time since initial diagnosis is 6 years. The Kaplan-Meier estimate of the median time to death after diagnosis, based on all 143 patients with disease, is 20 years (95% CI 17-26 years). All but one patient was diagnosed with metastatic disease prior to death. This patient, although not officially diagnosed with metastatic disease, had multiple soft tissue tumors with likely metastatic lesions. However, PHEO/PGL-specific imaging studies could not be performed. Post-diagnosis survival appears to be moderately better among males compared to females (of those with the disease, 34.48% of females have died vs. 22.35% of males). The median time interval between initial diagnosis and death is 9 years shorter in females than in males, with 17 and 26 years, respectively (P = 0.023, 95% CI 9-19 years and 20-not reached, respectively). The 39 deceased patients presented with 26 different mutations in the SDHB gene, with multiple patients presenting with the following mutations: Arg46X (6 patients), IVS1+1G>A (five patients), exon 1 deletion (four patients), and IVS6+1G>A (two patients). 
Presence of other tumors
Thirty (8.72%) out of the 344 SDHB mutation carriers also presented with other tumor types. Of those diagnosed with PHEO/PGL (N = 143), 9 (6.29%) mutation carriers presented with another tumor type ( Table 3) . Two of these patients presented with clear cell renal carcinoma and two with breast carcinoma. Melanoma, schwannoma, lung chondroma, prostate, and endometrial adenocarcinoma were each present in a single patient. Among the remaining 201 SDHB mutation carriers who screened negatively for PHEO/PGL, 21 (10.45%) subjects developed other tumors. Four SDHB mutation carriers were diagnosed with two different types of tumors (oncocytoma and unspecified eye tumor, prostate cancer and basal cell carcinoma, schwannoma with fibroadenomas, and uterine fibroids with myomas). 
Discussion
With the arrival of more targeted and wide-spread genetic testing for PHEO/PGL, we have gained a clearer understanding of the clinical presentations associated with many of the PHEO/PGL-related genes, which has allowed us to make advances in designing genetically targeted diagnostics and therapeutics. Germline mutations in the SDHB gene account for approximately 10% of PHEOs/PGLs (Bjorklund et al. 2016 ) and, together with MAX and FH mutations, are associated with more aggressive disease than other susceptibility genes mutations. This warrants a dedicated guideline for different screening and evaluation protocols based on varying mutations.
In the present study, we sought to build on our current knowledge base of SDHB-related PHEO/PGL by looking at its penetrance in a population of 344 SDHB mutation carriers. We observed age-related penetrance of 12.4% by age 40 after excluding the 103 index patients (i.e., correcting for ascertainment bias), which is in agreement with the results reported in studies using the same statistical approach (Rijken et al. 2016; Schiavi et al. 2010) . Our estimate for overall penetrance (49.8%) is higher than reported in previous studies, which also corrected their estimates for ascertainment bias (21-30%) (Hes et al. 2010; Rijken et al. 2016; Schiavi et al. 2010 ), but lower than in studies that did not correct for ascertainment bias (65-100%) Benn et al. 2006; Solis et al. 2009; Ricketts et al. 2010 ). However, without correcting for ascertainment bias, the age-related penetrance and overall penetrance would be much higher (36.5% by age 40 and 75%, respectively), which is similar to the first studies on penetrance of SDHB-related PHEO/PGL (Benn et al. 2006; Ricketts et al. 2010; Solis et al. 2009 ). Therefore, these results demonstrate the importance of excluding index patients from penetrance calculations to avoid overestimation of the disease penetrance.
Previously published results, especially single familybased studies, indicate potential differences in penetrance among patients with different mutations within the SDHB gene (Hes et al. 2010; Rijken et al. 2016; Solis et al. 2009 ). Thus, we analyzed the penetrance and clinical features of the patients harboring the six most represented SDHB mutations in this PHEO/PGL population: Arg90X, Ile127Ser, Exon 1 deletion, IVS1+1G>T, Val140Phe, Arg46X. Solis et al. (2009) reported age-related penetrance of PHEO/PGL in members of a single family harboring gross Exon 1 deletion to be 35% by age 40 and 50% penetrance at age 65 (estimated from figure) . In our subset of SDHB Exon 1 deletion carriers, the estimated age-related penetrance was similar-50% at age 63 (95% CI 34-∞) (Fig. 3a) . None of the SDHB mutation carriers included in our study harbored the mutations c.423+1G>A or Exon 3 deletion, which were reported in two other family-based studies (Hes et al. 2010; Rijken et al. 2016) . When comparing the six mutation groups, we observed a tendency for earlier disease development in Val140Phe and Arg46X SDHB mutation carriers (Fig. 3a) . However, we acknowledge that some of the SDHB mutation carriers harboring the same type of mutation were from the same families. Thus, the influence of modifier genes or environmental factors could explain the different penetrance or phenotype of the disease. For example, in SDHD mutation-related PHEOs/PGLs, altitude has been found to be a phenotypic modifier (Astrom et al. 2003) , and recently, two candidate 11p15 tumor modifier genes were described, which may be involved in PHEO/PGL development (Hoekstra et al. 2016) . Additional studies, with larger patient samples, are needed to truly determine if different mutations in the SDHB gene are related to contrasting clinical presentations with regard to primary tumor location or metastatic disease development, or, possibly, differences across gender.
Among the presented cohort of SDHB mutation carriers, we found a striking difference in penetrance of PHEO/ PGL between males and females, which has not been previously reported. Males showed an earlier progression to disease when compared to females, with a 50% penetrance at 74 years and never reached, respectively (P = 0.0088) (Fig. 2b) . Males also presented with initial diagnosis and diagnosis of metastatic disease at younger ages than females (Table 1 ). However, rates of metastatic disease and time from initial diagnosis to diagnosis of metastatic disease were similar between the two sexes. Based on the results, males show slightly better post-diagnosis survival than females. This slightly higher proportion of deaths in female's post-diagnosis, and almost identical time interval from diagnosis to death, largely offsets the earlier onset of disease demonstrated in males. Thus, the early onset of disease in males showed little or no evidence of being associated with accelerated fatal outcome among all 143 followed patients. More studies are necessary, not only to validate these findings in other patient populations, but also to discover why SDHB-related PHEO/PGL occurs later in life in the female population. While the study of male/female differences in disease presentation and penetrance should be repeated in other populations of patients, we should also consider why there are such differences in the present patient cohort. This study confirms previously described genotype-phenotype correlations found in SDHB-related PHEO/PGL (Benn et al. 2006; Srirangalingam et al. 2008; Timmers et al. 2007b) . The majority of the present patient cohort presented with primary tumors in extra-adrenal sympathetic location, with lower portion presentation with primary adrenal tumors or primary head and neck tumors. Patients with primary adrenal or extra-adrenal sympathetic tumors demonstrated faster disease development compared to patients with primary extra-adrenal parasympathetic tumors. This can be, at least partially, attributed to the fact that most extra-adrenal parasympathetic tumors are non-secreting and do not present with symptoms leading to evaluation. Hence, patients with sympathetic PGLs and PHEOs are diagnosed earlier due to the presence of symptoms of catecholamine overproduction.
During the duration of this study, 59.44% patients have developed metastatic disease ( Table 1 ). The high rate of metastatic disease development in patients with SDHB mutations was also reported in previous studies (34-71%) (Amar et al. 2005; Benn et al. 2006; Neumann et al. 2004; Timmers et al. 2007b ). In 26 (18.18%) patients, malignant disease was present at the time of diagnosis, which is similar to previous findings (Benn et al. 2006; Timmers et al. 2007b) . However, in ours as well as some of the previous studies, the high proportion of patients with metastatic disease is most probably due to a referral bias of more complicated cases to our institution. When index patients are excluded from the calculations, metastatic disease development is observed in much lower portion of patients (Fig. 5) . Patients presenting with primary tumors in extra-adrenal sympathetic locations were found to develop metastatic disease at a significantly faster rate than patients with extraadrenal parasympathetic tumors. However, the small number of patients studied could have affected these results and they should be examined in other patient populations. Thirty-nine patients died by the time data were collected for this study. Given the possible differences in penetrance rates for the various mutations discussed earlier, we believe it is quite possible that certain mutations will be associated with higher rates of metastatic disease and possibly with different rates of death. However, at this time, we do not have definitive evidence for this (P = 0.15 comparing the top 6 mutations for time post-disease to the development of metastases).
Since SDHB mutations are known to be involved in several cancers outside the paraganglial system, we investigated the presence of other tumors in our cohort of SDHB mutation carriers. Only a small number of SDHB mutation carriers presented with other tumors, with the most prevalent being clear cell renal carcinoma, breast adenocarcinoma, and prostate cancer. Previous studies reported SDHB mutations in patients with gastrointestinal stromal tumors, clear cell renal carcinoma, or papillary thyroid cancer Ni et al. 2008; Ricketts et al. 2008; Vanharanta et al. 2004) . One of our patients presented with Carney-Stratakis syndrome, which is caused by germline mutations in SDHB, -C, or -D (Janeway et al. 2011; Pasini et al. 2008) . However, associations of SDHB-related PHEO/PGL with other tumors are still not clear.
When drawing conclusions of genotype-phenotype correlations and the course of the disease, we fully recognize the limitations of our study. The small cohort of patients with each of the mutations limits our ability to make conclusions about the possible correlations with each mutation. Moreover, the NIH PHEO/PGL research initiative represents a tertiary care center. While the protocol was designed as an all-inclusive clinical program for diagnosis and clinical management of PHEO/PGL for all patients with these tumors regardless of race, age, or gender, we are aware of the potential referral bias of more complicated cases because we are able to provide tests that are not currently available at some institutions across the United States. Thus, multi-institutional and international mutationspecific studies, including in non-tertiary centers, need to be conducted in order to determine whether certain mutations are associated with specific clinical phenotypes.
Nevertheless, our data provide the basis for timing of screening and diagnostic processes and enables personalized treatment decisions. Current Endocrine Society Clinical Practice Guideline (Lenders et al. 2014 ) recommends employing personalized management of patients with PHEO/PGL based on the known genotype-phenotype presentations. Our results indicate that the overall penetrance of PHEO/PGL in SDHB mutation carriers is slightly higher than in previously published international reports that also corrected their results for ascertainment bias. Moreover, we have found significant differences among the male and female SDHB mutation carrier populations, which may result in earlier tumor development in the male population. While females demonstrated a later onset of disease when compared to males, they also showed a slightly shorter interval between diagnosis and death, indicating that more frequent follow-up of this population may be warranted. Currently, there is no consensus about recommendations for screening SDHB mutation carriers. The suggested age of when to start screening varies from 5 to 10 years of age, and the recommended frequency of screening is annual biochemical testing and anatomical imaging every 1 to 2 years (Benn et al. 2006; Srirangalingam et al. 2008; Neumann and Eng 2009; Prodanov et al. 2009; Kirmani and Young 2014) . Thus, in light of the presented results, we encourage physicians to begin screening asymptomatic SDHB mutation carriers between the ages of 5 and 7 years with annual biochemical testing. If the initial biochemistry is negative, we suggest just one MRI prior to the 10th birthday. Based on our experience, these tumors rarely present before the age of 10, and if they do, they usually present as biochemically active. Moreover, an MRI can be a very stressful experience for young children, and imaging cannot usually be performed without sedation. After the age of 10, we recommend anatomic imaging with alternating CT/MRI once every 2 years. Very large, multi-institutional and international studies are certainly necessary to extend results of the present study and to confirm (or repel) the differences in age of presentation among males and females with SDHB mutations. New data on sex differences could potentially lead to changes in genetic counseling and clinical disease management.
